Abstract. The present study investigated the effect of tetrandrine on lung cancer cell growth and apoptosis, and its possible underlying molecular mechanism. A549 human lung cancer cells were incubated with between 2.5 and 10 µM tetrandrine for 12, 24 and 48 h, following which the effect of tetrandrine on cell viability and apoptosis were assessed using an MTT assay and flow cytometry. ELISA and western blotting were used to analyze VEGF activity, and the expression of poly (ADP-ribose) polymerase (PARP), phosphorylated protein kinase B (Akt), Bcl-2-associated X protein (Bax), hypoxia inducible factor (HIF)-1α and inter-cellular adhesion molecule-1 (ICAM-1). Tetrandrine effectively suppressed the growth of and induced apoptosis in A549 lung cancer cells. The expression of PARP, Bax, intercellular adhesion molecule-1 (ICAM-1) and vascular endothelial growth factor (VEGF) was significantly upregulated, and the phosphorylation of Akt and expression of HIF-1α was significantly suppressed in A549 lung cancer cells. Therefore, tetrandrine may suppress cell viability and induce apoptosis via the VEGF/HIF-1α/ICAM-1 signaling pathway.
Introduction
The morbidity rate of primary bronchogenic carcinoma (lung cancer) is relatively high, and poses a threat to the health and lives of patients (1) . As populations age and airborne pollution increases, the rates of lung-cancer-associated mortality are likely to increase (2) . The rate of lung-cancer-associated mortality in China is the highest globally, particularly amongst children, adolescents and females in 2012 (3) . Research to identify methods of preventing and/or curing lung cancer has become a necessity (3) . With advances in medical techniques, the speed of diagnosis and the efficacy of surgery, chemotherapy, radiotherapy and nonsurgical treatments have all progressed markedly (4) . However, the progression and metastasis of the disease has not been blocked. Elucidating how to inhibit the growth and metastasis of lung tumors is key to improving the success of the clinical treatment of lung cancer.
Molecular therapies have been developed that are targeted at one or more pathways among the vascular endothelial growth factor (VEGF) signal pathways involved in the occurrence and progression of tumor vessels, and are able to block the associated signal transduction; thus, the growth, progression and metastasis of tumors can be inhibited (5) . The growth of tumors is accompanied by tumor vascularization that provides nutrition and oxygen to the tumor cells (6) . As tumor cells are characterized by uncontrolled proliferation, surrounding vessels cannot provide sufficient nutrition or oxygen. Consequently, tumors are hypoxic and ischemic, conditions that induce the expression of HIFs (7) . Under the expression of HIF-1α, tumor cells express high levels of VEGF and interact with VEGF receptor 2 (VEGFR2) to induce the growth of vascular endothelial cells, the proliferation of endothelial cells and the formation of new vessels (8) . Cadherin and inter-cellular adhesion molecule-1 (ICAM-1) are adhesion molecules that affect the adhesion, invasion and metastasis of tumor cells (8) .
With a molecular formula of C 38 H 42 N 2 O 6 and a molecular weight of 622.76 Da, tetrandrine ( Fig. 1) is an alkaloid extracted from the root of Stephania tetrandra (fangji) (9) . Studies have suggested that tetrandrine is not only a natural non-selective calcium antagonist, but is also an antagonist of calmodulin, with extensive antiphlogistic, analgesic and depressurization functions (10) . Clinically, tetrandrine can be employed to treat cardiovascular disease, hypertension and portal hypertension liver cirrhosis (10) . Tetrandrine has also been determined to inhibit the growth of breast carcinoma, liver cancer and ovarian cancer cells (11) ; thus, it exhibits promise as an anti-cancer treatment. The present study aimed to investigate the tetrandrine-dependent suppression of growth and induction of apoptosis, and to identify the potential role of the VEGF/HIF-1α/ICAM-1 signaling pathway in lung cancer cells. Flow cytometry analysis. A549 cells (1x10 6 ) were incubated with or without tetrandrine, at concentrations of 0, 2.5, 5.0 and 10 µM, for 48 h at 37˚C. According to the manufacturer's protocol, cells were stained with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI; BD Biosciences, San Jose, CA, USA). Apoptotic cells were analyzed by flow cytometry using a BD FACScan™ flow cytometer (BD Biosciences) and analyzed using Flowjo (version 7.6.1; FlowJo LLC, Ashland, OR, USA).
ELISA. A549 cells (1x10
3 ) were incubated with or without tetrandrine (0, 2.5, 5.0 and 10 µM) for various durations for 48 h at 37˚C. VEGF levels were evaluated using a VEGF human ELISA kit (cat no. EHVEGFACL; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The absorbance was measured at 450 nm (Bio-Rad Laboratories, Inc.).
Western blotting. A549 cells (1x10 6 ) were incubated with or without tetrandrine (0, 2.5, 5.0 and 10 µM) for 48 h at 37˚C. Total cell lysates were denatured with lysis buffer and then quantitated using a BCA Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.). A total of 30-60 µg protein lysate per lane was resolved using 10-12% SDS-PAGE, transferred onto nitrocellulose membranes. Membranes were blocked with 5% non-fat-milk in TBST for 1 h at 37˚C and probed with primary antibodies against poly (ADP-ribose) polymerase (PARP, sc-7150, 1:1,000, Santa Cruz Biotechnology, Inc., Dallas, TX, USA), phosphorylated protein kinase B (p-Akt, sc-7985-R, 1:500, Santa Cruz Biotechnology, Inc.), Bcl-2-associated X protein (Bax, sc-6236, 1:1,000, Santa Cruz Biotechnology, Inc.), HIF-1α (sc-10790, 1:1,000, Santa Cruz Biotechnology, Inc.), ICAM-1 (sc-7891, 1:2,000, Santa Cruz Biotechnology, Inc.) and β-actin (sc-7210, 1:1,000, Santa Cruz Biotechnology, Inc.) overnight at 4˚C, followed by incubation with a goat anti-rabbit IgG horseradish peroxidase-conjugated secondary antibody (sc-2030, 1:5,000, Santa Cruz Biotechnology, Inc.) for 1 h at room temperature. The proteins of interest were visualized using BeyoECL Plus (cat no. P0018, Beyotime Institute of Biotechnology, Haimen, China) and exposure to X-ray film and measured using Image-ProPlus software (version 6.0; Media Cybernetics, Inc., Rockville, MD, USA).
Statistical analysis. Data are expressed as the mean ± standard deviation. Statistical analysis was performed using SPSS 17.0 (SPSS Inc., Chicago, IL, USA); the data were analyzed using the Kaplan-Meier method and statistically compared using one-way analysis of variance and Tukey's post-hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Tetrandrine suppresses lung cancer cell viability. First, the effects of tetrandrine on lung cancer viability were investigated using an MTT assay. Tetrandrine suppressed the viability of A549 human lung cancer cells in a time-and dose-dependent manner (Fig. 2) . Treatment with tetrandrine at 2.5, 5 and 10 µM for 48 h effectively inhibited the viability of the A549 cells, incubation with 5-10 µM tetrandrine for 24 h effectively inhibited the viability of A549 cells and 10 µM tetrandrine (12 h) also significantly inhibited the viability of A549 cells for (Fig. 2) .
Tetrandrine induces apoptosis in lung cancer A549 cells. As anti-cancer effects of tetrandrine on human lung cancer A549 cells had been observed, whether tetrandrine could induce apoptosis in lung cancer A549 cells was assessed using Annexin V and PI double-staining. As depicted in Fig. 3 , treatment with 5 and 10 µM tetrandrine for 24 h significantly induced apoptosis in human lung cancer A549 cells. (Fig. 5) . These results indicated that treatment with 5 or 10 µM tetrandrine for 24 h significantly suppresses the p-Akt protein levels in A549 cells (Fig. 5) .
Tetrandrine activates the transcription of Bax. The Bax signaling pathway is involved in the regulation of apoptosis (12) . Western blotting was used to detect Bax protein expression in A549 cells. The results revealed that there is a significant concentration-dependent increase in Bax protein expression following treatment with 5-10 µM tetrandrine for 24 h (Fig. 6) .
Tetrandrine reduces the level of VEGF in A549 cells.
To evaluate the anticancer effects of tetrandrine on cell growth, an ELISA was performed. As depicted in Fig. 7 , treatment with 5 or 10 µM tetrandrine significantly decreased the VEGF levels in A549 cells for 48 h.
Tet randrine reduces HIF-1α protein expression.
Semi-quantitative assessment of HIF-1α levels by western blotting revealed that treatment with tetrandrine reduced the levels of HIF-1α. Incubation with 5 and 10 µM tetrandrine for 48 h significantly suppressed the protein expression of HIF-1α in A549 cells for 48 h (Fig. 8) .
Tetrandrine increases the expression of ICAM-1 protein.
The effects of tetrandrine on ICAM-1 expression were then investigated using A549 cells. As presented in Fig. 9 , treatment with 5 and 10 µM tetrandrine significantly increased the protein expression of ICAM-1 in A549 cells.
Discussion
Vasculogenesis is a process in which new vessels are produced from current microvascular system (13) . The degree of vascularization can be used to assess the degree of disease progression and metastasis of malignant cancer (14) . Under normal conditions, organisms can regulate the procedures of vascularization, maintaining the dynamic equilibrium between the proliferation and apoptosis of vascular endothelial cells through two-way regulation (15) . However, resulting in the uncontrolled vascularization of tumors and allowing for the rapid proliferation of tumor cells (15) . This vascularization allows tumor cells to metastasize and infiltrate surrounding tissues and organs. To the best of our knowledge, this is the first report demonstrating that tetrandrine suppresses viability and induces apoptosis in A549 cells.
VEGF is the most effective vasculogenesis-associated factor (16) . VEGF is highly expressed in ovarian cancer, breast carcinoma, gastric carcinoma and urinary bladder carcinoma (17) . VEGF expression levels are positively associated with advanced tumor grade, malignancy and vasculogenesis in tumor tissues (18) . In addition, VEGF stimulates the proliferation of tumor-derived vascular endothelial cells and facilitates the generation of new capillaries, allowing the nutritional requirements of tumors to be met. Lung cancer is typically a malignant cancer with sufficient blood supply that can secrete lots of VEGF during tumor growth (16) . Expression of VEGF mRNA and protein in lung cancer samples are 3-7 higher than normal renal tissues (16) . In the present study, tetrandrine significantly induced the protein expression of PARP and Bax, suppressed p-Akt protein levels and increased VEGF expression in A549 cells. Chen et al (10) demonstrated that tetrandrine suppresses tumor growth and angiogenesis in rat gliomas by inhibiting VEGF expression. Yu et al (9) suggested that tetrandrine induces apoptosis through activation of PARP in HSC-3 human tongue squamous cell carcinoma cells. Tao et al (11) reported that tetrandrine induces apoptosis through Bax activation in U2-OS and MG-63 human osteosarcoma cells.
A previous study indicated that there is a hormone-responsive element (HRE) at the initial point of VEGF genetic transcription, which can be bound by HIF-1α (19) . Following binding, a transcription initiation complex is produced, which starts the transcription and expression of VEGF (19) . Furthermore, VEGF may promote tumor vasculogenesis (6) . New tumor vessels generated via HIF-1α/VEGF signaling are expansive and have an irregular and distorted shape; they do not form typical venules, arterioles and capillaries. The anomalous structure of these tumor vessels leads to flaws in vascular function (5) . Abnormally proliferating tumor cells increase pressure on tumor vessels and lymphatic systems, which may further damage blood supply and result in the increase of fluid pressure in internal bunching clearance of tumor tissues, additional decreases in the oxygen content, acidosis and resistance to chemotherapeutics (20) . In the present study, tetrandrine induced lung cancer apoptosis through the inhibition of HIF-1α/VEGF signaling in A549 cells. The results of the current study indicated that HIF-1α/VEGF serves a notable role in inhibiting the growth of human lung cancer cells treated with tetrandrine.
ICAM-1 is a member of the immunoglobulin supergene family, and is expressed on endothelial cells, epithelial cells, mononuclear leucocytes and lymphocytes (21) . ICAM-1 affects endothelial cell adhesion and transformation, and induces chemotaxis in neutrophils, granulocytes and monocytes (22) . ICAM-1 can promote the infiltration of leukocytes into endothelial cells. This process increases the permeability of the endothelium (23) . To the best of our knowledge, this is the first study to demonstrate that tetrandrine induces lung cancer apoptosis via the ICAM-1 signaling pathway. The upregulation of ICAM-1 signaling indicated that apoptosis is induced by tetrandrine, although further investigation is required to verify this. Hsu et al (24) reported the antifibrotic effects of tetrandrine on hepatic stellate cells and in rats following the suppression of ICAM-1.
In summary, the present study provides evidence that tetrandrine suppresses growth and induces apoptosis in A549 human lung adenocarcinoma cells. The apoptosis induced by tetrandrine may be associated with the activation of the PARP-Akt-Bax and VEGF/HIF-1α/ICAM-1 signaling pathways. These findings indicate that tetrandrine may have potential as a novel clinical therapy for human lung cancer in the future.
